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The Permanent EDM of the
Neutron

+ A permanent EDM d

- +
—.—> s =1/2

o The current value is < 6 x 10® eecm
(90% C.L.)

+ We hope to obtain roughly < 10%

eecm with UCN in superfluid He
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*Theory as distributions
*EDM rules out theories

*SM leaves room for
discovery

sastuagoreg
Yeamonoao[g

*Strong CP
SUSY GUT

*Electro-weak Baryogenesis
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B-B ASYMMETRY IN THE UNIVERSE

Before Phase After Phase Today
Transition Transition
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STATUS OF EDM MEASUREMENTS
(e-cm)

Fundamental Particles

n ILL Id |
PNPI |d |
ILL (""Hg) d |
PSI d|
LANSCE (‘He) |d |

P |d,|

A A—pr assym. |d,]|

e g2 |d

v reactor exp. |d,F,|

28 g'2 Idul

|d,|

T TI'(Z->11) |d,]
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Paramagnetic Atoms

<12x10* H  Lamb shift d| <2 x 10"
<1.1x10* Fe” d,, d| <2 x 10
<6(3)x10* Rb 5s ld| <1.2x 10" |d|<5x 10
<(1)x 10% Cs 6s ld| <13x 10" |d|<1 x 10*
<(2)x10* TI  5p, |d]| <2(?) x10™|d|<4(?) x107
< 10
<1.5x 10"  Diamagnetic Atoms
<4 x10" *Xe Wash.|d| <2 x10™ |d| <2x 10*
<2 x10*  "Hg Wash.|d| <2(?)x10* |d| <2(?)x10™
<11x 10"
< 10*
<45x 10™ Polar Molecules
YF |d| < 10*
PbO |d| < 107
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THE BASIC TECHNIQUE

E E Look for a precession
frequency w,

s =1/2 dipole moment d_

Figure of Merit for EDM Experiments ~ '/ N7 — 125
E—-5E 1t—>51 N— 125N

10/28/02 + Los Alamos
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Magnetic Field Drift Correction

29.9295 -
o Raw neutron frequency

29.9290 - Corrected frequency %@% ‘
B

29.9285 -

29.9280 - ‘
10T

29.9275 -

29.9270 -

29.9265 -

Neutron resonant frequency (Hz)

—

29.9260
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Run duration (hours)
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SHe-DOPANT AS AN ANALYZER

10/28/02

He+h—t+p  o(parallel) <10°b
o(opposite) ~ 10° b
UCN loss rate ~
l'p;._ﬁn = 1'p3pn COS(Yn'Y3)Bot
Yo%l =1 v.l/10

*He concentration must be adjusted to keep

the lifetime 7 reasonable for a given value
of the "He polarization.

The proper value for the fractional
concentration x = Atoms-'He/Atoms-'He ~

-10
1 O L]
A >
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‘He AS A DETECTOR

‘He +n —> t+p

t + p share 764 keV of kinetic energy. They scintillate while
stopping in the ‘He. Light detected from the cell is a signature
that the neutron had a polarization opposite to the "He.

The emitted light (~3 photons/keV) 1s in the XUV ~ 80 nm.

A wavelength shifter (TPB) is used to change it to the blue,
where it can be reflected and detected. Getting the light out
of a cryogenic system 1s a challenge.

The walls and the wavelength shifter must be made of
materials that do not absorb neutrons or depolarize ‘He. For
the neutrons, deuterated wavelength shifter and N1 will do; for
the "He, 2?7
A Physics Division / P25
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SQ U I DS M. Espy, A. Matlachov ~100 cm? superconducting pickup coil
Flux =2 x 10-1¢ Tm? = 0.1 @, Noise =4 m®/Hz'>at 10 Hz ~ T/
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_ THE SIGNAL

599 600 601 602 603 604 605 606

3He(n,p)t Scintillation Light
V~ Y3~
SQUID v ~ v,
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EXPERIMENT CYCLE

T =0-40s Fill with “He and 3I-_1'e T =450 - 460 s n/2 pulse
| ——FillLines | pe —_|

L He T ey A
B n t &
et | E*, B *He t > & Bt Bt
— —»> —>
T=40-450s UCN from Cold n T =460 -960s Precession about E & B
Refrigerator LHe —, yuvi— Light to PMT
Phonon \ He €D n
L He — Y P Et, Bt
STt XUV~ Light to PMT
> jaHG? Et Bf SQUIDI Deuterated TPB
> on Walls
; ~ P 2 T =960 - 1000 s Recycle He
8.9 A neutrons
one polarization
state absorbed pan E.mptying
p(UCN)=Pr I Hines
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CONCEPTUAL DESIGN

Measuring cells

Ground Light guides

HV
SQUID
" cosO Coil |
o™
“e\‘ /V
co\d/
He drains

Superconductiong HV capacitor

shield HV feedthrough
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Flight Path 12

5'm
Frame Overlap
Chopper
Moderator Biological
Shield

T,, Choppe

Shutter

10/28/02 « Los Alamos - Physics Division / P25

uuuuuuuuuuuuuuuuu




ULTRACOLD NEUTRONS

Ultracold neutrons (UCN) have a low enough energy to be
bottled. Their wavelength is long enough to feel a generally
repulsive force (totally internally reflected) from certain
materials as described by their Fermi potential. The minimum
wavelength is material dependent; e.g. a good one is "Ni.

Properties:
U ~200neV v ~S5Sm/s A ~500A
mg ~ 100 neV/m L ~60neV/T
UCN can be bottled by UCN can be polarized by
e materials * magnetic fields
e the gravitational potential ¢ gradient magnetic fields
e agradient magnetic field ¢ “He

KATIONAL LARORATORY




SUPERTHERMAL SOURCE OF
UCNs

U, =200 neV
4 Free Neutron U, =20neV
o Dispersion Curve )
Quasi two-level
1K p==———————- system with single

phonon upscattering
suppressed by a large
Boltzman factor.

e Saee GEe e . S e —— —

— 7 ~100 T from 2-

up
phonon upscattering

>
K

2wk =894

t
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SUPERTHERMAL SOURCE OF UCNs

L He e 2
p=722L2 L0
.« Phonon dAdQ 4;,

———| 7 ¢~ UCN A ~500A  Verified by NIST n-

g cf Refri i :
8.9 A neutrons x elrigerator i fetime experiment!
p(UCN)=P1t

LANSCE cold source ® =2 x 10'* n/cm*-s-sr
10-cm x 10-cm supermirror guide, 02 = 0.01 str.
P =1 UCN/cm’-s T~500 s

Pucn ~ 500/cm’ (80 times lower than possible)

125 times current ILL UCN density.
Cell volume is 4000 cm’ in each of two cells.
Velocity selection an advantage of a pulsed source

r
' Physics Division / P25
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LIFETIME 7 IN A BOTTLE

1 1 1 1
=—+—+—+

1
T T, T, T3 T,

n w

where 7 is the neutron lifetime,
7 1s the wall lifetime,
7, 1s absorption lifetime,
T 1S upscattering lifetime.

+ Los Alamos % Physics Division / P25
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PMT

EXPERIMENTAL LAYOUT
LANSCE FP 11a

< 3m
» / Heating the “He

Upscattered
Neutrons > 6 '

Neutrons - All
Wavelengths

Guide Bismuth
Shutter Filter

Cryostat-Sample Cell

Slightly Collimated Beam
Size=4cmx4cm

Ultra-pure “He Sample Cell
LASER Fiber
Polycrystalline Bismuth
Dilution Refrigerator

Iron / Poly Shielding
Neutron Guide

n -3He lon Chamber

OEECOERO
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UPSCATTERED NEUTRONS

— T~ 180s

500 -

100 -

. t
6Osdelay\A [dt'Noe™ I =
120 s delay 0

Background No7(1- e!!7)

300 -

200 -

Integrated Counts

N, 7 consistent

with production
prediction and hole +
B decay lifetimes

100

1 1 1 1 1
0 200 400 600 800 1000 1200

Time After Last Neutron + 20 (sec)
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POLARIZED *He SOURCE

Spin flip region “He
detector
Injection nozzle Quadrapole

1 K cold head analyzer

Quadrapole
separator

DET1 WORK

10/28/02 ¥ Los Hﬂm Cﬁ‘ Physics Division / P25




POLARIZER QUADRAPOLE

Physics Division / P25
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» He Purification
» Dilution
Refrigerator
6 m
Experiment
» HV
v

ASSY WORK
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PMT

EXPERIMENTAL LAYOUT
LANSCE FP 11a

«——— 2m Light from 3He(n,p)t
_

Recoils in *He

10 meV neutrons Li Glass
Selected by TOF
Cryostat-Sample Cell
Moves in Vertical and
Collimated Beam Transverse to Beam
4.3
= PI::T bies Sample-Col Size = 2.6 mm FWHM with 0.5 mm Accuracy
[l Boron-Poly Shielding
[ Dilution Refrigerator e
[ Lead Shielding
B Neutron Guide
B Brass Collimator

A r
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SHe Distributions in Superfluid “He

Dilution Refrigerator at
LANSCE Flight Path 11a Position

A Target
Cell
—> \ 3He
Neutron Beam 4He
s 40000
- 35000
- 30000
+ 25000
*  Beam FWHM = 0.26 cm [ =000
g + 15000
| ¢ > - 10000
Jeteees p G - 5000
00' "...‘.000.
- 0
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00

Position (cm)

ﬁ: -
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Counts

HEAT EFFECTS

n-3He Captures

160000
» Heater Off 0.84 K ‘
140000 - 55 - * Heater 27.1 mW 1.08K
t . |~ 175k -Li Glass
120000 - . s ‘
100000 S
R . i ; n-*He Captures
80000 - o . | 40000
. "y B 3
60000 - ¢ " Wy 3 35000 + se®fne,
. * a ® | .G * * o " .
40000 - & i 30000 . 4
. . | g L : L
20000 | , ‘a0 0", < 3 25000
« ° A b s S s
Y . A 4o A A A} [} o [] \
0 ‘ ' 20000 + . ‘
3 2 -1 0 1 2 3 - :
I | ] ‘
Position (cm) § 15000 . s f
z . ‘
10000 + s
H - :
eater | ® Heater 6.5 mW 0.66K 5000 - s :
Location
« Heater OFF 0.66K o han B
| = Heater OFF 0.18K 0 i
-3 P = 0 1 2 3

Position (cm)

a -
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DIFFUSSION COEFFICIENT

Three component Liquid: Superfluid “He, normal “He, concentration X of He

Conservation of entropy: aps =-Vepsy, =0 in the steady state.

ot
Vei, =0=¥, =-V® and P satisfies Laplace’s equation V2@ = ()

The combination of normal flow that carries the 3He and diffusions is
XV, -DVX =0

Thus %VCD = %VX =—-Vlog(X) and | X = Xqe @0

The heat flow is given by 4 = psTV,
For a point heat source in the middle of a sphere

q(r):Lz:>v(r)=M:>¢(r)= P 1: X(,.)=X0e—P/47tpsTDr
dmr psT dmposT r
2
Diffusion time t over a distance L is t=L"12D

N *.
10/28/02 Lo Alomscss #; Physics Division / P25
<
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DIFFUSION COEFFICENT

3He(n,p)t measures path length of *He from scintillations from stopping p and t
*More heat implies smaller path length

gy
...."E-flu"'-"o':.

4He:3He = 10,000:1

L
.
.
-
.
-
.
.
.

-':':-'-n'-f

Pencil
cold-neutron
beam

Sputyatntynt,
e Ty R

.
St

>

Heater resistor

3He free region
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RESULTS

Diffusion Coefficient of *He in “He

100000000 1
10000000 ~\
1000000
100000 -
10000

1000 T

100 =% —+—Beenakker etal.
3 n —s— This Experiment |

T7

(cm?s)

10 A

1 =
0.1 -

0.01 \
0.001
0.0001 - \\

0.00001

0.1 1 10

Temperature (K)

?'\.
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CONCEPTUAL DESIGN

Ground
HV

Superconductiong
shield

ASSY WORK

Measuring cells
Light guides
|

SQUID

cosO Coil

He drains

HV capacitor

HV feedthrough

10/28/02
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ELECTRIC FIELD
CALCULATIONS

Ground plate 25x75x5cm
HYV plate 30 x 80 x 10 cm
Ground shell coil 30 cm radius

Uniformity in cell:
0.1% without side walls
1% with recess
Peak E field is ~1.5 of value
in cell
Next step - 3D model

Cell 7.5 x 10 x50 cm

and 1.3 cm walls

.
10/28/02 + Los Alamos % Physics Division / P25
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ELECTRIC FIELD MEASUREMENT

Kerr Effect E= n'KlEg

\li Light Polarization

A / PD2

t-
10/28/02 7 LOS) Alamos % Physics Division / P25
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Cryo-

ELECTRIC FIELD TEST

cooler \HV Actuator

Ground
Electrode

r—.

HV Feedfg
through L

Ground
Actuator

i
SN - — e
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COS6 COIL

‘%ow

Around Cylinder
= :
{ b
== =
" End View o
10/28/02 ‘@ Physics Division / P25
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MAGNETIC FIELD
CALCULATIONS

Coil: 30 cm radius x 120 cm half length
Superconducting Shield: 48 cm radius x 120 cm half length
- -.1 AN
-.2

% variations

(7.5cm)y

0 z (25 cm) 0.1

Uniformity 0.1% over target cells achieved with non-uniform coil spacing

Next step - try to reduce dimensions of coil and shield

/D -
10/28/02 » Los Alamos Cﬁ‘ Physics Division / P25
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CALCULATIONS / MEASUREMENTS

Optimization of cold neutron beam: Choppers, Bi, spin splitter, spin flipper, ...
*Cold neutron flux and UCN production rate

Polarized *He production rate, polarization, transfer to reservoir and cell, spin flip
eUltra pure “He cycle

*Final neutron polarization process, RF coils, 7/2 rotation

en- *He absorption signal versus density and time; compared to background to 2000 s
Photo-electrons at the PMT for *He absorption and 3 decay

ePolarized-n lifetime in the trap

*Polarized-*He diffusion and lifetime in the trap

*SQUID signal and signal / noise at trap temperature; microphonics sensitivity
*Simulation

Analysis of EDM sensitivity versus storage time including statistics and backgrounds
«Strategy for measurement sequence: spin and field reversals, empty cell
*Optimized B and E fields

eMaximum practical E field: HV source, stability

eIsolation from external E and B fields, superconductiong shield. trapped B fields
*Analysis of systematic errors

10/28/02 g LOS) Alamos % Physics Division / P25
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CONSTRUCTION COST

*Neutron guide and shielding $ 620k
*Cryogenics $1280k*
*3He atomic beam source $ 80k*
*Magnetic shielding $ 415k
*Magnets $ 217k
*High voltage $ 370k*
*Measuring cell / SQUIDs $ 250k
Light system $ 110k
*Electronics / computers $ 110k
*Conventional construction $ 940k
*Management, Engineering, and Integration $1390k
*Total $5835k
*Contingency @ 40% $2334k
*Burdened @ 23.5% for construction $1920k
*Escalation $ 994k
*Grand total $11083k

*Credit taken for equipment already purchased

paX

10/28/02 » Los Alamos

NATIONAL LABORATORY

-
Cﬁj Physics Division / P25
."~._'|



FY’00
FY’01
FY’02
FY’03-4
FY’05
FY’06
FY’07
FY’08
FY’09

FY’10

SCHEDULE

Tomography preparations

DOE draft proposal started

Neutron tomography at LANSCE - Distributions and *He diffusion coefficient
DOE draft proposal 50% complete, engineering begins for proposal

UCN rate demonstration, n-lifetime in bottle, polarized *He source, HV test
Workshop, collaboration formation, proposal submission

SQUID measurement of *He magnetization, *He polarization lifetime, trapped B
Technical review of the conceptual design report

Construction start

Some experimental tests

Construction

Some experimental tests

First Data for measuring the level of systematic errors

Production data

Production data or move to SNS

First physics publication from EDM search

Final physics publication from EDM search from LANSCE and SNS production

A ’
’ Physics Division / P25
10/28/02 + Los Alamos Cﬁ,‘ ysics Division

KATIONAL LABORATORY



SENSITIVITY

1 1277(T,,, + T

47
\PV l-e 7

Evaluate with P=1/cc/s, V=4 |, T=100 d, E=50 kV/cm, 2 cells

_Tm
Tr?| 20° - [Tr% + 20Ty, + 212}: T

0,f=39.0 nHz with T,=500 s, T.=1000 s and 7;=1000 s =
d, <9 x 1028 eecm (95% CL) -- with 3-decay background only

0,H=19.5 nHz with T,=500 s, T,=1000 s and 7;=1000 s =
d, < 4.5 x 1028 eecm (95% CL) -- with B-decays eliminated

0,(f)=8.2 nHz with with T,=2850 s, T=1375 s and 7;=2000 s —
d, <2 x 1028 eecm (95% CL) -- with B-decays eliminated

AN A
» Los Alamos %} Physics Division / P25
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AFTERPULSES IN 4.5 ps

B-decay and y-ray suppression

Neutron beam on 1.8-K He

30

30

25 25 —
=]
v
20 < 20
/ A .
~ 2233 a1 &
15 \ 15
SN | 3
/444%77 >\:\ X 11 I~
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g A \W/ 2 ]
27 22
(733 \ )
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PULSE HEIGHT
4
Pure “He

y-rays from neutron activation

1 SR, ™
iy e Ld =Taz
23 e
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PULSE HEIGHT

“He doped with *He

Choose the best materials, minimize the room background

AN
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Most Optimistic Result at SNS

d, <[2 x 1028 eecm (95% CL)](100-days/300-days)'%/5.4

d,<2x102° eecm (95% CL)

At this level, systematic errors will need
to be suppressed beyond our current design.

(_\ -
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